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Introduction {#jah32148-sec-0004}
============

Particulate matter (PM) air pollution has been ranked as the ninth cause of overall disease burden attracting significant attention as a major health concern globally.[1](#jah32148-bib-0001){ref-type="ref"} Various clinical and epidemiological investigations have demonstrated that exposure to fine PM air pollution (ambient particles with diameters of \<2.5 μm; PM~2.5~) increases the risk for cardiovascular disease[2](#jah32148-bib-0002){ref-type="ref"} (CVD) and correlates with arrhythmias, hypertension, myocardial infarction, and cardiac remodeling, resulting in heart failure.[3](#jah32148-bib-0003){ref-type="ref"}, [4](#jah32148-bib-0004){ref-type="ref"} Air pollution exposure not only exacerbates preexisting heart conditions, but also plays a pivotal role in the development of CVD, particularly if exposed during the developmental period.

The perinatal period is particularly susceptible to developmental defects attributed to the highly plastic nature of the developing organs. Animal studies have demonstrated that exposure to air pollution during the pre‐ and early postnatal periods results in fetal inflammation, promoting adult disease susceptibility in offspring.[5](#jah32148-bib-0005){ref-type="ref"}, [6](#jah32148-bib-0006){ref-type="ref"} Furthermore, clinical studies have reported that exposure to high levels of PM~2.5~ during pregnancy impairs fetal development, resulting in reduced birth weight and preterm birth.[7](#jah32148-bib-0007){ref-type="ref"}, [8](#jah32148-bib-0008){ref-type="ref"}, [9](#jah32148-bib-0009){ref-type="ref"} Other reports showed that human exposure to PM~2.5~ during pregnancy decreases placental mitochondrial DNA[10](#jah32148-bib-0010){ref-type="ref"} as well as causes placental DNA hypomethylation.[11](#jah32148-bib-0011){ref-type="ref"} These effects are thought to be attributed to epigenetic reprogramming, where changes in DNA methylation and histone modification have been observed to promote long‐lasting effects on gene expression that alter physiological and cellular function. Here, we hypothesized that air pollution exposure during the crucial intrauterine period of developmental plasticity may have important health implications given that it is ubiquitous and can persistently alter the structure and function of developing organs, leading to adult‐onset disease.

In our previous work, we demonstrated the effects of PM~2.5~ exposure during the combined in utero and postnatal developmental periods (from gestation until weaning at 4 weeks of age) on adult cardiac dysfunction.[12](#jah32148-bib-0012){ref-type="ref"} This prior work demonstrated the importance of the developmental period in influencing an adult disease phenotype; however, it did not determine whether PM~2.5~ exposure during the in utero or postnatal period alone causes detrimental alterations on adult cardiac function. Therefore, in the present study, we sought to investigate the impact of in utero PM~2.5~ exposure on adult epigenetic changes and cardiovascular function and potential mechanisms that could define the developmental diseases paradigm as it relates to air pollution exposure and may have strong clinical implications benefitting public health.

Materials and Methods {#jah32148-sec-0005}
=====================

Animals and Exposure {#jah32148-sec-0006}
--------------------

All animal procedures were conducted according to National Institutes of Health guidelines under an Institutional Animal Care and Use Committee protocol approved at The Ohio State University (Columbus, OH). FVB male and female mice were housed for at least 1 week in our facility before breeding. Dams were paired overnight and exposure was begun the day after a plug was observed. Pregnancy was confirmed and time dated with the presence of a vaginal plug. Pregnant dams were exposed to either PM~2.5~ or filtered air (FA) for 6 h/day, 7 days/week throughout pregnancy. We used the aerosol concentration system located at the Ohio State University[4](#jah32148-bib-0004){ref-type="ref"} for the concentrated PM~2.5~ exposure from the Columbus, Ohio, region. The average PM~2.5~ concentration that the dams were exposed to was 73.61 μg/m^3^. For FA treatment, an identical system was used, except that a high‐efficiency particulate arrestance filter at the inlet to the system was used to remove all ambient particles. After birth, pups were nursed and raised in room air until experiments were conducted at 12 weeks of age. Echocardiography (n=9--10 mice/group), cardiomyocyte function (n=4--5 mice/group), and protein expression (n=6 mice/group) were assessed in both male and female offspring, whereas pressure‐volume (PV) loops (n=5 mice/group), quantitative polymerase chain reaction (qPCR; n=4; 1‐day‐old pups/group; n=5 adult mice/group), and assessment of collagen deposition (n=3) was performed only in male offspring as described below.

Echocardiographic Assessment {#jah32148-sec-0007}
----------------------------

At 12 weeks of age, echocardiographic assessments were performed using a 40‐MHz transducer (Vevo 2100; Visualsonics, Toronto, Ontario, Canada). Mice were anesthetized with 1% isoflurane in 100% O~2~ through a nose cone, and internal body temperature was maintained at 37°C throughout the assessment. Following induction of anesthesia, when the heart rate of the animal returned to normal (500--550 beats per minute \[bpm\]), parasternal short‐axis views were obtained using a 15‐MHz probe. Cine loops collected from M mode views were analyzed for left ventricular (LV) systolic and diastolic internal dimensions (LVESd and LVEDd) and systolic and diastolic posterior wall thickness (PWTs and PWTd). Percent fractional shortening (%FS) was calculated using the equation: %FS=\[(LVEDd−LVESd)/LVEDd×100\]. Data were averaged from at least 3 cardiac cycles per mouse. Echocardiographic assessments and analyses were performed according to the American Heart Association leading‐edge technique by an investigator blinded to group assignment.

Pressure‐Volume Loop Analyses {#jah32148-sec-0008}
-----------------------------

Cardiac hemodynamic measurements were assessed by closed chest using a 1.4 French Millar PV catheter. Mice were anesthetized with ketamine (55 mg/kg) plus xylazine (15 mg/kg) and placed in a supine position on a heating pad. Following a midline neck incision, the underlying muscles were dissected to expose the carotid artery. Using a 4‐0 suture, the artery was tied and the PV catheter was advanced through the artery into the left ventricle of the heart. After 5 to 10 minutes of stabilization, values at baseline and stimulation at varying frequencies (4--10 Hz) were recorded as described previously.[13](#jah32148-bib-0013){ref-type="ref"} PV loops were also obtained at varying preloads by inferior vena cava occlusions to obtain Ees. To measure the beta‐adrenergic response, 5 mg/kg of dobutamine was injected intraperitoneally. All of the measurements and analyses were evaluated using LabChart7 (AD Instruments, Colorado Springs, CO).

In Vitro Assessment of Cardiomyocyte Function {#jah32148-sec-0009}
---------------------------------------------

Cardiomyocytes were isolated using a standard protocol as described previously.[4](#jah32148-bib-0004){ref-type="ref"} Cells were stimulated (1 Hz, 3‐ms duration) with a Myopacer Field‐Stimulator system (IonOptix, Milton, MA) and functional properties of the cells were evaluated using the Sarclen Sarcomere Length Acquisition Module with the Myocam‐S Digital charge‐coupled device camera video imaging system (IonOptix, Milton, MA). Sarcomere percent peak shortening (normalized to baseline length, %PS; cellular corollary of %FS), sarcomere maximal departure and return velocities (+dL/dT, −dL/dT), and sarcomere time to 90% peak shortening (TPS~90~) and time to 90% relengthening (TR~90~) were measured to assess inotropic and lusitropic function.

Electrophysiological Recordings {#jah32148-sec-0010}
-------------------------------

Amphotericin‐B perforated patch clamp technique with a bath temperature of 36±0.5°C was used to assess myocyte electrophysiology. Action potentials (APs) were recorded from isolated cardiomyocytes in a train of 25 traces at 3, 4, and 5 Hz. The average of the last 10 traces (ie, from trace 18 to 27) was used to calculate the action potential duration (APD). APD was calculated at 50% and 90% of repolarization (APD~50~ and APD~90~). For current recordings, only recordings with an access resistance \<20 MΩ were included in the analyses. Transient outward potassium current (I~to~) was elicited as described previously.[14](#jah32148-bib-0014){ref-type="ref"}

Quantitative Real‐Time Polymerase Chain Reaction {#jah32148-sec-0011}
------------------------------------------------

Total RNA was extracted from LV tissue using the RNeasy kit (Qiagen, Hilden, Germany), according to the manufacturer\'s protocols. For qPCR, an aliquot of reverse‐transcription product representing 1 ng of total RNA was amplified using the iQ SYBR Green Supermix kit on a CFX Thermocycler (BioRad, Hercules, CA). Primers for target genes were used at a final concentration of 0.25 to 0.5 μmol/L and normalized to glyceraldehyde 3‐phosphate dehydrogenase (*GAPDH*) expression. Relative gene expression levels were quantified using the formula 2‐^ΔΔCt^. Gene‐specific primer sequences are presented in [Table](#jah32148-tbl-0001){ref-type="table-wrap"}. An initial denaturation step at 95°C for 10 minutes was followed by 45 cycles of denaturation (95°C, 1 second), annealing (65°C, 10 seconds), and extension (72°C, 20 seconds).

###### 

Primer Sequences Used for PCR Amplification

  Gene       Forward Primer            Reverse Primer
  ---------- ------------------------- --------------------------
  *Gapdh*    CTCACTCAAGATTGTCAGCAATG   GAGGGAGATGCTCAGTGTTGG
  *IL‐6*     CCAAGAGGTGAGTGCTTCCC      CTGTTGTTCAGACTCTCTCCCT
  *IL‐1B*    GAAATGCCACCTTTTGACAGTG    TGGATGCTCTCATCAGGACAG
  *Col‐1*    GCTAACGTGGTTCGTGACCGTG    GGTCAGCTGGATAGCGACATC
  *MMP‐9*    CAGGAGTCTGGATAAGTTGGGTC   GGTACTGGAAGATGTCGTGTGAG
  *MMP‐13*   GACAGATTCTTCTGGCGCCT      CATAACTCCACACGTGGTTCTCAG
  *Dnmt1*    ATCCTGTGAAAGAGAACCCTGT    CCGATGCGATAGGGCTCTG
  *Dnmt3a*   CTGTCAGTCTGTCAACCTCAC     GTGGAAACCACCGAGAACAC
  *Dnmt3b*   AGCGGGTATGAGGAGTGCAT      GGGAGCATCCTTCGTGTCTG
  *Sirt1*    TGATTGGCACCGATCCTCG       CCACAGCGTCATATCATCCAG
  *Sirt2*    GCGGGTATCCCTGACTTCC       CGTGTCTATGTTCTGCGTGTAG

Col‐1 indicates collagen‐1; Dnmt, DNA methyltransferase; Gapdh, glyceraldehyde 3‐phosphate dehydrogenase; IL, interleukin; MMP, matrix metalloproteinase; PCR, polymerase chain reaction; Sirt, sirtuin.

Qualitative and Quantitative Assessment of Collagen {#jah32148-sec-0012}
---------------------------------------------------

Morphology of interstitial and perivascular collagen was assessed from the picrosirius red--stained sections using bright‐field microscopy.[15](#jah32148-bib-0015){ref-type="ref"}

Western Blotting {#jah32148-sec-0013}
----------------

Protein extracts (20 μg/sample) from LV tissues were analyzed by SDS‐PAGE and subjected to western blotting analyses using specific antibodies and the enhanced chemiluminescence method (SuperSignal West Pico chemiluminescent substrate; Pierce, Rockford, IL). The primary and secondary antibodies used in our experiments were the following: mouse anti‐Na^+^/Ca^2+^ exchanger (NCX) and anti‐sarco/endoplasmic reticulum Ca^2+^‐ATPase (SERCA‐2A; MA3‐926 and MA3‐919, respectively; Thermo Fisher Scientific, Waltham, MA); goat antiphosphorylated phospholamban (p‐PLN; sc‐12963; Santa Cruz Biotechnology, Dallas, TX); rabbit anticalsequestrin (ab62662; Abcam, Cambridge, MA); and rabbit anti‐troponin‐I (TnI; 4004; Cell Signaling Technology, Danvers, MA). Films were scanned and analyzed using Image Lab software (version 4.1; Bio‐Rad). Band density of the protein of interest was normalized to beta‐actin (A1978; Sigma‐Aldrich, St. Louis, MO) or extracellular signal‐regulated kinase 1 and 2 (ERK 1&2; sc‐93 and sc‐154; Santa Cruz Biotechnology).

Statistical Analyses {#jah32148-sec-0014}
--------------------

All data are reported as mean±SEM. Data were analyzed using a Student\'s *t* test (2‐tailed), ANOVA for PV loops because multiple heart rates were assessed, and Mann--Whitney *U* test for parameters with samples size n\<5 using Prism software (version 6; GraphPad Software Inc, San Diego, CA). Differences were considered statistically significant if *P*\<0.05.

Results {#jah32148-sec-0015}
=======

In Utero PM~2.5~ Exposure Is Associated With Left Ventricular Remodeling at Adulthood {#jah32148-sec-0016}
-------------------------------------------------------------------------------------

Twelve‐week‐old mice exposed to PM~2.5~ in utero demonstrated increased LVESd (2.01±0.07 mm of FA; 2.59±0.08 mm of PM~2.5~; *P*\<0.001) and LVEDd (3.56±0.07 mm of FA; 3.79±0.05 mm PM~2.5~; *P*\<0.05) dimensions and reduced PWTs (1.24±0.03 mm of FA; 0.98±0.041 mm of PM~2.5~; *P*\<0.001) compared with FA‐exposed mice. PWTd was not significantly different (data not shown). Morphological alterations were associated with lower systolic function, as indicated by reduced %FS (43.63±2.05% FA; 33.16±1.63% PM~2.5~; *P*\<0.001) in PM~2.5~‐exposed mice compared with FA‐exposed mice (Figure [1](#jah32148-fig-0001){ref-type="fig"}). There was no difference in %FS in aged‐matched female mice exposed in utero to FA or PM~2.5~ (Figure [S1](#jah32148-sup-0001){ref-type="supplementary-material"}A).

![Echocardiographic parameters from adult mice exposed in utero to FA or PM ~2.5~. Representative M‐mode images obtained from (A) FA; (B) PM ~2.5~‐exposed mice; (C) left ventricular end‐systolic diameter (LVES ~d~); (D) left ventricular end‐diastolic diameter (LVED ~d~); (E) % fractional shortening (%FS); and (F) posterior wall thickness during systole (PWTs) from n=9 to 10 mice in each treatment group and no more than 2 mice per litter. Five beat cycles were captured and 3 loops averaged per assessment. Results are mean±SEM. \**P*\<0.05; \*\*\**P*\<0.001 vs FA controls. FA indicates filtered air; PM, particulate matter; PM ~2.5~, particulate matter with diameters of \<2.5 μm.](JAH3-6-e005796-g001){#jah32148-fig-0001}

In Utero Exposure to PM~2.5~ Impairs In Vivo Hemodynamics at Adulthood {#jah32148-sec-0017}
----------------------------------------------------------------------

Twelve‐week‐old mice exposed to PM~2.5~ in utero demonstrated diminished contractility measured by end‐systolic elastance (Ees; Figure [2](#jah32148-fig-0002){ref-type="fig"}A). We further investigated contractility by increasing heart rate and observed a blunted contractile reserve (dP/dt~max~/EDV \[end‐diastolic volume\]) in in utero PM~2.5~‐exposed mice (Figure [2](#jah32148-fig-0002){ref-type="fig"}B). Not only was contractility impaired, but the frequency‐dependent acceleration of relaxation was also blunted (Figure [2](#jah32148-fig-0002){ref-type="fig"}C). Consistent with a heart failure phenotype, mice exposed to PM~2.5~ in utero also had a blunted contractile response to β‐adrenergic stimulation (dobutamine; Figure [2](#jah32148-fig-0002){ref-type="fig"}D). These results suggest that adult mice exposed to PM~2.5~ in utero have substantial in vivo cardiac dysfunction and corroborate our echocardiography results.

![In vivo hemodynamic function from adult mice exposed in utero to FA or PM ~2.5~. A, End‐systolic elastance (Ees); (B) dP/dtmax/EDV; (C) frequency‐dependent acceleration of relaxation (FDAR); and (D) dP/dtmax/EDV (with β‐adrenergic stimulation). Results are mean±SEM from 5 mice each group. \**P*\<0.05 vs FA controls. BPM indicates beats per minute; EDV, end‐systolic volume; FA, filtered air; PM, particulate matter; PM ~2.5~, particulate matter with diameters of \<2.5 μm.](JAH3-6-e005796-g002){#jah32148-fig-0002}

In Utero Exposure to PM~2.5~ Impairs Cardiomyocyte Function at Adulthood {#jah32148-sec-0018}
------------------------------------------------------------------------

Cardiomyocytes isolated from 12‐week‐old mice exposed to PM~2.5~ in utero showed significant decreases in %PS (12.06±0.6% FA; 8.59±0.41% PM; *P*\<0.001; Figure [3](#jah32148-fig-0003){ref-type="fig"}A), −dL/dT (−4.62±0.31 μm/s FA; −3.13±0.46 μm/s PM; *P*\<0.01; Figure [3](#jah32148-fig-0003){ref-type="fig"}E), and +dL/dT (4.26±0.25 μm/s FA; 2.87±0.26 μm/s PM; *P*\<0.001; Figure [3](#jah32148-fig-0003){ref-type="fig"}D) compared with in utero FA‐exposed mice. TR90 and TPS90 were not different between groups (Figure [3](#jah32148-fig-0003){ref-type="fig"}B and [3](#jah32148-fig-0003){ref-type="fig"}C). These results corroborated with the echocardiography results, indicating that in vivo cardiac dysfunction is also evident at the cardiomyocyte level. There was no difference in these parameters in aged‐matched female mice exposed in utero to FA or PM~2.5~ (Figure [S1](#jah32148-sup-0001){ref-type="supplementary-material"}B).

![In vitro cardiomyocyte functional parameters obtained from adult mice exposed in utero to FA or PM ~2.5~. Graphs depicted are representative of (A) peak shortening amplitude (%PS); (B) time‐to‐90% relengthening (TR ~90~); (C) time‐to‐peak shortening (TPS ~90~); (D) positive velocity (+dL/dT); and (E) negative velocity (−dL/dT). Results are mean±SEM, n=8 to 10 cells/group from 4 to 5 mice each group. \*\**P*\<0.01; \*\*\**P*\<0.001 vs FA controls. FA, filtered air; PM, particulate matter with diameters of \<2.5 μm; PS, peak shortening.](JAH3-6-e005796-g003){#jah32148-fig-0003}

In Utero PM~2.5~ Exposure Results in Prolonged Action Potential Duration at Adulthood {#jah32148-sec-0019}
-------------------------------------------------------------------------------------

We observed significant prolongation in APD~90~ at 4 and 5 Hz in cardiomyocytes isolated from 12‐week‐old in utero PM~2.5~‐exposed mice compared with FA‐exposed mice (Figure [4](#jah32148-fig-0004){ref-type="fig"}). Analysis of current recordings demonstrated no difference in transient outward current (I~to~) density and the corresponding slope conductance between cells obtained from PM~2.5~‐ and FA‐exposed mice (data not shown).

![Representative action potential at 3, 4, and 5 Hz in cardiomyocytes obtained from either FA or PM ~2.5~ in utero exposed adult hearts. Results are mean±SEM, n=7 to 8 cells/group from 4 to 5 mice each group. \**P*\<0.05 vs FA controls. ADP~90~ indicates 90% action potential duration; FA, filtered air; PM ~2.5~, particulate matter with diameters of \<2.5 μm.](JAH3-6-e005796-g004){#jah32148-fig-0004}

In Utero PM~2.5~ Exposure Results in an Inflammatory and Profibrotic Response in 1‐Day‐Old Neonates {#jah32148-sec-0020}
---------------------------------------------------------------------------------------------------

We analyzed cardiac inflammation and fibrosis at birth and 12 weeks of age in mice exposed to FA or PM~2.5~ in utero. qPCR analysis of 1‐day‐old mouse hearts exposed to PM~2.5~ showed a significant increase in expression of interleukin‐6 and ‐1β (*IL‐6*,*IL‐1ß*; Figure [5](#jah32148-fig-0005){ref-type="fig"}A and [5](#jah32148-fig-0005){ref-type="fig"}B), collagen‐1 (*Col‐1*; Figure [5](#jah32148-fig-0005){ref-type="fig"}C), matrix metalloproteases 9 and 13 (*MMP‐9*,*MMP‐13*; Figure [5](#jah32148-fig-0005){ref-type="fig"}D and [5](#jah32148-fig-0005){ref-type="fig"}E). At adulthood, expression level of *MMP‐13* remained significantly increased in the in utero PM~2.5~‐exposed group (2.69±0.64‐fold; *P*\<0.05).

![Quantitative polymerase chain reaction (qPCR) analysis of RNA samples obtained from newborn in utero FA‐ and PM ~2.5~‐exposed mice hearts (n=4 mice from each group). A, IL‐6; (B) IL‐1β; (C) Col‐1; (D) MMP‐9; (E) MMP‐13. Results are mean±SEM. \**P*\<0.05 vs FA controls. Col‐1 indicates collagen‐1; FA, filtered air; IL, interleukin; MMP, matrix metalloproteinase; PM, particulate matter; PM ~2.5~, particulate matter with diameters of \<2.5 μm.](JAH3-6-e005796-g005){#jah32148-fig-0005}

In Utero PM~2.5~ Exposure Is Associated With Increased Cardiac Collagen Deposition in the Adult Heart {#jah32148-sec-0021}
-----------------------------------------------------------------------------------------------------

Morphometric analyses of picrosirius red--stained histological sections indicated an increase in collagen deposition in hearts of 12‐week‐old mice that were exposed to PM~2.5~ in utero compared with FA‐exposed mice (Figure [6](#jah32148-fig-0006){ref-type="fig"}).

![A, Collagen deposition from 12‐week‐old mice (n=3 mice from each group) that were exposed in utero to (A) FA; (B) PM ~2.5~; and (C) morphometric analyses of areas stained positive for picrosirius red. Original magnification ×10, Scale bar=100 μm. \**P*\<0.05 vs FA controls. FA indicates filtered air; PM, particulate matter with diameters of \<2.5 μm.](JAH3-6-e005796-g006){#jah32148-fig-0006}

In Utero PM~2.5~ Exposure Alters Baseline Expression and Remodeling of Calcium Homeostatic Proteins in the Adult Heart {#jah32148-sec-0022}
----------------------------------------------------------------------------------------------------------------------

Cardiac SERCA‐2A (1.11±0.14 FA; 0.59±0.10 PM~2.5~; *P*\<0.05), p‐PLN (0.39±0.05 FA; 0.22±0.03 PM~2.5~; *P*\<0.05), and NCX (1.03±0.07 FA; 0.67±0.06 PM~2.5~; *P*\<0.01) were significantly decreased in 12‐week‐old in utero PM~2.5~‐exposed mice, suggesting alterations in mechanisms that handle Ca^2+^ release and reuptake into the sarcoplasmic reticulum during in utero development (Figure [7](#jah32148-fig-0007){ref-type="fig"}). There was no difference in expression of calsequestrin and TnI between both groups (Figure [S2](#jah32148-sup-0001){ref-type="supplementary-material"}). Interestingly, protein expression of SERCA‐2A, NCX, and p‐PLN was not different in female mice that were exposed to PM~2.5~ during in utero development (corroborating the in vivo and in vitro functional data; Figure [S3](#jah32148-sup-0001){ref-type="supplementary-material"}).

![Protein analyses and representative western immune blots from whole adult heart homogenates of in utero FA‐ and PM ~2.5~‐exposed mice (n=6 mice each group). A, SERCA‐2A; (B) p‐PLN; and (C) NCX. Results are mean±SEM. \**P*\<0.05, \*\**P*\<0.01 vs FA controls. ERK 1&2 indicates extracellular signal‐regulated kinase 1 and 2; FA, filtered air; NCX, Na^+^/Ca^2+^ exchanger; p‐PLN, phosphorylated phospholamban; PM, particulate matter with diameters of \<2.5 μm; SERCA‐2A, Ca^2+^‐ATPase.](JAH3-6-e005796-g007){#jah32148-fig-0007}

In Utero PM~2.5~ Exposure Alters Epigenetic Mechanisms in Adult Heart {#jah32148-sec-0023}
---------------------------------------------------------------------

mRNA samples obtained from 12‐week‐old mouse hearts exposed to PM~2.5~ showed a significant decrease in expression of sirtuins (Sirt1 and Sirt2; Figure [8](#jah32148-fig-0008){ref-type="fig"}A and [8](#jah32148-fig-0008){ref-type="fig"}B) and increase in expression of DNA methyltransferases (Dnmt1, Dnmt3a, and Dnmt3b; Figure [8](#jah32148-fig-0008){ref-type="fig"}C through [8](#jah32148-fig-0008){ref-type="fig"}E).

![Quantitative polymerase chain reaction (qPCR) analysis of RNA samples obtained from in utero FA‐ and PM ~2.5~‐exposed adult mice hearts (n=5 mice from each group). A, Sirt1; (B) Sirt2; (C) Dnmt1; (D) Dnmt3a; and (E) Dnmt3b. Results are mean±SEM. \**P\<*0.05; \*\**P*\<0.01; \*\*\**P*\<0.001 vs FA controls. Dnmt indicates DNA methyltransferase; FA, filtered air; PM, particulate matter with diameters of \<2.5 μm; Sirt, sirtuin.](JAH3-6-e005796-g008){#jah32148-fig-0008}

Discussion {#jah32148-sec-0024}
==========

In the present study, we provide evidence that exposure of pregnant dams to PM~2.5~ (73.61 μg/m^3^) promotes significant cardiac dysfunction in male offspring at adulthood, which is manifested by in vivo LV remodeling and dysfunction, in vitro cardiomyocyte dysfunction, acute inflammation, chronic matrix remodeling, fibrosis, and alterations in calcium homeostasis. We have recently reported that combined in utero and perinatal exposure to PM~2.5~ caused cardiovascular dysfunction at adulthood.[12](#jah32148-bib-0012){ref-type="ref"} However, most important, the current study indicates that maternal PM~2.5~ exposure during intrauterine development alone results in an adult CVD phenotype. Taken together, our data expand the fetal origins of adult diseases (Barker) hypothesis to include exposure to air pollutants merely during pregnancy, a critical period of intrauterine development as a potential hazard resulting in adult susceptibility and onset of CVDs.

Changes in LV wall dimension and thickness affect chamber size, in a form of cardiac remodeling that alters demand‐supply ratio and impairs overall cardiac performance. In concordance with our previous observation,[12](#jah32148-bib-0012){ref-type="ref"} we observed cardiac remodeling in adult mice that were exposed to PM~2.5~ only during in utero development, as shown by decreased %FS and increased LVESd, LVEDd, and PWTs. PV loop analysis also corroborated the echocardiography data. Furthermore, cells isolated from in utero PM~2.5~‐exposed hearts manifested compromised contractile function at the cellular level, as indicated by decreased %PS and ±dL/dT, and electrical remodeling, as shown by prolonged APD~90~.

The mechanisms by which in utero exposure to PM~2.5~ promotes adult CVD are poorly understood. However, an understanding of the underlying molecular events may help to define this process. AP prolongation is consistently observed in human and animal models of dilated cardiomyopathy, hypertrophy, and heart failure.[16](#jah32148-bib-0016){ref-type="ref"}, [17](#jah32148-bib-0017){ref-type="ref"} In the present study, mice exposed to environmentally relevant concentrations of PM~2.5~ during the in utero period demonstrated significant prolongation in APD with no changes in I~to~. The reductions in calcium regulatory proteins (discussed below) interact in complicated ways when considering \[Ca^2+^\]i and NCX as a driver of delayed repolarization. The increases in interleukins (as observed in our study) do raise an alternative explanation for the APD prolongation as both IL‐1 and IL‐6 have been implicated in repolarization prolongation through a number of different mechanisms.[18](#jah32148-bib-0018){ref-type="ref"}, [19](#jah32148-bib-0019){ref-type="ref"} Thus, the prolongation of APD~90~ is independent of a reduction in I~to~ and likely reflects reductions in other repolarizing currents. It is possible that the observed increased in cytokines and other inflammatory markers contribute to the delayed repolarization. A second mechanism may be mediated through cardiac inflammation that is regarded as an inciting stimulus to various cardiac pathophysiological events causing functional deterioration and matrix remodeling. Acute and chronic PM~2.5~ exposure impairs vascular reactivity and induces systemic inflammation,[20](#jah32148-bib-0020){ref-type="ref"}, [21](#jah32148-bib-0021){ref-type="ref"} contributing to various manifestations of CVD.[22](#jah32148-bib-0022){ref-type="ref"} In the present study, cardiac *IL‐6 and IL‐1*β mRNA was expressed ≈6‐ and 16‐fold, respectively, in 1‐day‐old pups exposed to in utero PM~2.5~. These results indicate that maternal PM~2.5~ exposure during in utero development results in an acute inflammatory response in fetal hearts during a critical phase of development, potentially reprogramming the fetal heart,[23](#jah32148-bib-0023){ref-type="ref"} resulting in the observed adult cardiac dysfunction.

The fetal inflammatory reaction following maternal pollutant exposure has been reported previously. Maternal diesel exhaust and air pollution exposure increased cytokine expression in placental tissue[24](#jah32148-bib-0024){ref-type="ref"} and the fetal heart, which can promote disease susceptibility in offspring later in life.[6](#jah32148-bib-0006){ref-type="ref"}, [7](#jah32148-bib-0007){ref-type="ref"} Our results are in concordance with these studies and indicate that PM~2.5~ is associated with increased inflammation in offspring through maternal exposure. The increased cytokine expression was transient; however, matrix remodeling is ongoing in adult mice that were exposed to PM~2.5~ during intrauterine development, as indicated by increased MMP expression. These results suggest that a fetal inflammatory response activates adult cardiac dysfunction by triggering remodeling pathways, including activation of extracellular matrix (ECM) proteins and MMPs.[25](#jah32148-bib-0025){ref-type="ref"}

Cytokine expression precedes the increase in local collagen and MMP activity, a hallmark of fibrosis and contributes to cardiac remodeling.[26](#jah32148-bib-0026){ref-type="ref"} Increased mRNA expression of *Col‐1* (1.6‐fold), *MMP‐9* (3‐fold), and *MMP‐13* (≈4‐fold) in newborn mice hearts exposed in utero to PM~2.5~ in our study suggest cardiac remodeling that was only modestly observed at adulthood, but resulted in increased collagen deposition. Although a profibrotic response has not yet been shown in air pollution studies, our results are in accord with experimental models of myocardial infarction and hypertension, where inflammatory response causes proliferation and differentiation of fibroblasts contributing to synthesis of ECM proteins.[27](#jah32148-bib-0027){ref-type="ref"} IL‐1β has also been shown to be upregulated and to activate MMPs that are initially responsible for collagen degradation and subsequent matrix deposition.[28](#jah32148-bib-0028){ref-type="ref"} Besides animal studies, clinical data also support the notion that MMPs, especially MMP‐9, are associated with increased LV diastolic dimensions and wall thickness, contributing to cardiac dysfunction.[29](#jah32148-bib-0029){ref-type="ref"}

The third major finding was persistently altered expression of proteins regulating calcium homeostasis, a common finding in human and animal models of heart failure. In the present study, expression of SERCA‐2A, PLN, and NCX was significantly decreased in adult hearts exposed in utero to PM~2.5~. Reduced SERCA‐2A expression is correlated with cardiac dysfunction in various animal models[30](#jah32148-bib-0030){ref-type="ref"}, [31](#jah32148-bib-0031){ref-type="ref"} and human heart failure[32](#jah32148-bib-0032){ref-type="ref"} and likely accounts for the slower rate of Ca^2+^ reuptake by the sarcoplasmic reticulum, which means less Ca^2+^ is available for contraction (systolic dysfunction). A further consequence of the delay in cell relaxation (diastolic dysfunction) may result from an elevation of diastolic Ca^2+^, leading to further impairment in overall cardiac function. A decrease in SERCA‐2A also correlates with decreased or altered myocardial force‐frequency response.[33](#jah32148-bib-0033){ref-type="ref"}

Phospholamban negatively regulates SERCA‐2A given that dephosphorylated PLN is an inhibitor of SERCA‐2A activity. When phosphorylated, inhibition of SERCA‐2A is alleviated and calcium flux into the sarcoplasmic reticulum is increased. We found decreased expression of p‐PLN in adult mice exposed to PM~2.5~ in utero, which explains the substantially inhibited SERCA‐2A, suggesting that both proteins regulate each other as previously reported.[34](#jah32148-bib-0034){ref-type="ref"} Similar findings have been shown previously in animal and human models of heart failure.[35](#jah32148-bib-0035){ref-type="ref"}, [36](#jah32148-bib-0036){ref-type="ref"}

Consistent with previous studies, we also observed a decrease in NCX expression.[37](#jah32148-bib-0037){ref-type="ref"}, [38](#jah32148-bib-0038){ref-type="ref"} Differences in calcium signaling proteins that were evident at the protein level were not altered at the RNA level. This could be attributed to the fact that mRNA and protein synthesis or degradation can be altered in diseased conditions,[39](#jah32148-bib-0039){ref-type="ref"} and transient alterations in mRNA levels have a persistent impact on protein concentrations. No change in expression of calsequestrin and TnI suggests that there is no alteration in mechanisms of calcium binding or contractile machinery.

Last, the decrease in Sirt1 and Sirt2 and increase in Dnmt1, Dnmt3a, and Dnmt3b expression indicated altered epigenomic pathways in our study. Earlier findings demonstrated an increase in DNA deletion after transgenerational exposure of diesel exhaust particles in mice.[40](#jah32148-bib-0040){ref-type="ref"} It has also been reported that there is increased DNA methylation with abnormal SERCA‐2A expression in heart failure,[41](#jah32148-bib-0041){ref-type="ref"} leading to impaired calcium homeostasis and thus cardiac dysfunction. Furthermore, studies showed Sirt1 upregulation to be protective in heart failure. Sirt1 is shown to be upregulated in dog hearts undergoing pacing induced heart failure.[42](#jah32148-bib-0042){ref-type="ref"} Sirt2 is thought to be involved in regulating longevity[43](#jah32148-bib-0043){ref-type="ref"} and is also shown to suppress autophagy in neurons.[44](#jah32148-bib-0044){ref-type="ref"} Thus, our results suggested that long‐term effects of in utero PM~2.5~ exposure are also mediated through altered expression of sirtuins and DNA methyltransferases.

In our study, we did not observe development of heart failure features in female offspring at adulthood. Numerous studies documented earlier that prognosis of heart failure is much worse and features develop earlier in males than females[45](#jah32148-bib-0045){ref-type="ref"}, [46](#jah32148-bib-0046){ref-type="ref"} or females have better cardioprotective mechanisms than males.[47](#jah32148-bib-0047){ref-type="ref"}, [48](#jah32148-bib-0048){ref-type="ref"} Long‐term analysis of sex‐related differences could prove informative in our future studies. Furthermore, we did not investigate potential confounders like other environmental pollutants, which contribute to complexity in natural environment that may more closely mimic the clinical scenario. Additionally, attributed to practical reasons the mice in our experiment were cycled between 6‐hour bouts of higher PM~2.5~ concentrations and then FA. How this paradigm affected the results compared to constant, low‐level PM~2.5~ inhalation cannot be predicted.

In conclusion, this study describes potential molecular mechanisms responsible for in utero PM~2.5~‐exposure--induced adult cardiac dysfunction. Although in utero exposure of PM~2.5~ caused a modest alteration in cardiac function in vivo and in vitro, this could also serve as an important indicator that these animals are more susceptible to developing features of heart failure if subjected to conditions of increased myocardial demand. These results also indicate that PM~2.5~ can gestationally reprogram developing hearts and therefore provides evidence to study more in‐depth epigenetic mechanisms (global DNA methylation and gene‐specific methylation) responsible for the observed cardiac dysfunctions.
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**Figure S1.** Echocardiographic and in vitro cardiomyocyte functional parameters obtained from adult female mice exposed in utero to FA or PM~2.5~. A, Fractional shortening (%FS) from n=5 to 7 mice in each treatment group and no more than 2 mice per litter; (B) peak shortening amplitude (%PS); (C) time‐to‐90% relengthening (TR~90~); (D) time‐to‐peak shortening (TPS~90~); (E) positive (+dL/dT); and (F) negative (−dL/dT). Results are mean±SEM, n=6 to 8 cells/group from 4 to 5 mice each group. FA indicates filtered air; PM~2.5~, particulate matter with diameters of \<2.5 μm

**Figure S2.** Protein analyses and representative western immune blots from whole adult male heart homogenates of in utero FA‐ (n=4 mice; lanes 1--4) and PM~2.5~‐exposed mice (n=5 mice; lanes 5--9). A, TnI and (B) calsequestrin. ERK 1&2 was used as loading control. ERK 1&2 indicates extracellular signal‐regulated kinase 1 and 2; FA, filtered air; PM~2.5~, particulate matter with diameters of \<2.5 μm; TnI, troponin‐1.

**Figure S3.** Protein analyses and representative western immune blots from whole adult female heart homogenates of in utero FA‐exposed (n=4 mice; lanes 1--4) and PM~2.5~‐exposed mice (n=5 mice; lanes 5--9). A, NCX and (B) SERCA‐2A and p‐PLN. β‐Actin was used as loading control. FA indicates filtered air; Na^+^/Ca^2+^ exchanger; p‐PLN, phosphorylated phospholamban; PM~2.5~, particulate matter with diameters of \<2.5 μm; SERCA‐2A, Ca^2+^‐ATPase.
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Click here for additional data file.
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